SNARE proteins are required for fusion of transport vesicles with target membranes. Earlier, we found that the yeast Q-SNARE Vti1p is involved in transport to the cis-Golgi, to the prevacuole/late endosome and to the vacuole.
Introduction
Transport between different organelles is mediated by transport vesicles which bud from the donor compartment (1) . Recognition of the correct target requires interactions between specific members of the Rab/YPT family of small GTPases, tether proteins and SNARE proteins (2) . These SNARE proteins constitute a large, evolutionary conserved family (3) . v-SNAREs are found on transport vesicles, t-SNAREs on target membranes. In most cases SNAREs are attached to the membrane by a C-terminal transmembrane domain or by hydrophobic posttranslational modifications. The SNARE motif, a highly conserved domain of 60 amino acid residues, is found next to the membrane anchor. Four different SNARE motifs form a parallel helical bundle with sixteen layers (numbered from -7 to +8) of interacting amino acid side chains pointing towards the center of the bundle in the neuronal SNARE complex (4) . Most layers consist of four hydrophobic amino acid residues. However, in the central 0 layer an arginine (R) from synaptobrevin interacts with three glutamines (Q) from syntaxin 1 and both SNAP-25 helices. These residues are very conserved leading to a reclassification of SNAREs into R-and Q-SNAREs (5) . It has been suggested that a parallel four helix bundle with one R-and three Q-SNARE helices is a common feature of SNARE complexes.
The yeast Saccharomyces cerevisiae has proven a powerful model system to study membrane traffic and to test the SNARE hypothesis (6) . Twenty-one SNAREs, among them five R-SNAREs, have been identified in yeast (7, 8) . All of them have been assigned to one or more traffic steps. However, the exact compositions of the SNARE complexes are not clear for many transport steps.
Earlier, we described the Q-SNARE Vti1p which is required for several transport by guest on http://www.jbc.org/ Downloaded from steps in yeast. Vti1p interacts with the syntaxin related cis-Golgi Q-SNARE Sed5p in a retrograde traffic step to the cis-Golgi (9, 10) . The R-SNARE Ykt6p and the Q-SNARE Sft1p have been implicated in this transport step as well (11, 12) . Vti1p and the syntaxin-related endosomal Q-SNARE Pep12p are the only SNAREs identified so far in transport from the Golgi to the prevacuolar/late endosomal compartment (9, 13) . This transport pathway is used by many vacuolar proteins, for example by carboxypeptidase Y (CPY). These proteins are transported in a second step from the prevacuole to the vacuole (14) . A different pathway to the vacuole is used by alkaline phosphatase (ALP) which travels in vesicles from the Golgi to the vacuole without passage through the prevacuole. A third vacuolar pathway is taken by aminopeptidase I (API) and autophagosomes. API is synthesized in the cytosol, packaged into cytosol to vacuole transport (CVT) vesicles enclosed by double membranes in a process similar to autophagocytosis (15) . The outer membrane of CVT vesicles and autophagosomes fuses with the vacuole. The same Q-SNAREs Vam3p, Vam7p and Vti1p are required for these three biosynthetic pathways to the vacuole (16 -20) while an R-SNARE has not yet been identified. The vacuolar R-SNARE Nyv1p has been excluded as the missing R-SNARE because these transport pathways are not affected by deletion of NYV1 and a genetic interaction between the vti1-2 mutant and NYV1 was not observed (20) . Vacuoles can also undergo homotypic fusion. The Q-SNAREs Vam3p, Vam7p and Vti1p together with the R-SNAREs Nyv1p and Ykt6p have been implicated in homotypic vacuolar fusion (21 -23) .
We set out to identify proteins which are required together with Vti1p for transport to the vacuole. Genetic interactions have proven a valuable tool for this purpose. vti1-2 is a useful mutant allele for such studies because transport from the Golgi to the prevacuole and all transport steps to the vacuole are blocked by guest on http://www.jbc.org/ Downloaded from 7 Precise deletions of the VTS1 ORF were generated by PCR (amplification of HIS3 with oligos annealing to 40 nucleotides of the VTS1 flanking region) in SEY6210, FvMY7 and FvMY24 resulting in the strains MDY1, MDY4 and MDY5 (Table 1) , respectively (26) . The same method was used to introduce the ykt6∆::URA3 mutation into SEY6211xFvMY6 diploid cells carrying a heterocygote vti1∆::HIS3 mutation yielding BKY6. A 1,1 kb fragment coding for the YKT6 ORF was PCR-amplified using the oligonucleotides cgggatcctacttccagttggtaattg and ggaattcactgaagaaacaaatcaattct and cloned via BamHI and EcoRI sites into YEp352 (27, pMD1, table 2) and pRS316 (28, pMD21) . A 2,3 kb ClaI-SpeI fragment encoding VTS1 was isolated from the suppressor plasmid pBK24 and subcloned into pBluescript. The fragment was cut out with KpnI-SpeI and cloned into YEp352 (pMD3) and pRS316 (pMD9). To introduce a N-terminal triple HA-tag into VTS1 a BamHI site was generated after the start codon by PCR-based site-directed mutagenesis (29, oligonucleotides ccaaaacatccgtatgaggaattc and atccatgatttctttgctgacaattac) and a 126 bp BglII fragment encoding three copies of the HA epitope was ligated into the BamHI site (pMD8). pBK65 was constructed by PCR-based site-directed mutagenesis with the oligonucleotides cagaacattctcaatcgttttgtg and cagcaaggtgaaaagttggataatttg to generate the mutation ykt6-R165Q and a silent PstI site in pMD1. The inserts of pMD1 and pBK65 were subcloned into YEp351 and pRS315 to obtain pBK99 (YKT6 in YEp351), pBK86 (ykt6-R165Q in YEp351) and pBK87 (ykt6-R165Q in pRS315). The mutation Q158R and a silent NruI site was introduced into the VTI1 encoding plasmid pFvM28 by PCR-based site-directed mutagenesis using the oligonucleotides cgaccttaaatccatcattatttg and cgaagagaaactttggaaaatgcaag (pBK77). vti1-Q158R was subcloned into the integration vector pRS306, linearized, integrated into SEY6211 8 and the wild-type VTI1 was looped out on 5-fluorourotic acid plates (30) to construct FvMY38.
Immunoprecipitations of 35 S-labeled proteins CPY, ALP and API were immunoprecipitated as described earlier (20, 31 -33) .
The CPY and ALP antisera were a generous gift from T. 
Results

Identification of suppressors for vti1-2
The goal of this study was to identify genes which interact with VTI1 in transport from the Golgi to the prevacuolar compartment/late endosome or in transport to the vacuole. These transport steps are blocked in vti1-2 cells at the non-permissive temperature while transport to the Golgi is not affected (9, 20) .
vti1-2 cells also display a growth defect at 37°C which we utilized for a multicopy at their C-termini (see discussion).
Characterization of VTS1
To determine what trafficking step is suppressed we examined the effect of overexpression of VTS1 on protein traffic to the vacuole in vti1-2 cells.
Carboxypeptidase Y (CPY) is transported from the Golgi first to the prevacuolar compartment and in a second transport step from there to the vacuole (6, 14) .
vti1-2 cells are blocked in both trafficking steps. vti1-2 cells and vti1-2 cells
overexpressing VTS1 were grown at 24°C, shifted to 32°C for 15 min, pulsed with p2CPY (E). As CPY transport from the Golgi to the prevacuole is blocked in vti1-1 cells while traffic to the vacuole is not affected vti1-1 cells were used to distinguish between these steps (9, 20) . Overexpression of VTS1 in vti1-1 cells did not suppress the defect in CPY transport from the Golgi to the prevacuole (data not shown). Alkaline phosphatase (ALP) is transported from the Golgi to the vacuole without passing through the prevacuole (6, 14) . ALP traffic was investigated in vti1-2 cells using similar pulse-chase experiments at 36°C (Fig. 2C ).
In wild %, std 7,4; n=3). These data indicate that VTS1 genetically interacts with VTI1 in traffic to the vacuole but not in traffic from the Golgi to the prevacuole.
Next we wanted to determine the consequences of a lack of Vts1p. VTS1 was These data indicate Vts1p is not associated with membranes under normal conditions. Next we investigated whether Vti1p and HA-Vts1p interact physically. As Vti1p is a membrane protein binding between both proteins could be transient at most or involve only a small amount of Vts1p. HA-Vts1p and Vti1p did not co-immunoprecipitate. Furthermore, they could not be chemically crosslinked (data not shown). In vitro binding assays using recombinant GSTVti1p and 6-His-Vts1p fusion proteins and vice versa did not reveal a specific interaction between both proteins (data not shown).
In conclusion, we found genetic interactions between VTS1 and vti1-2. This suppression affected transport to the vacuole, was specific for a certain allele of 13 vti1 and therefore not due to a general effect of VTS1 overexpression. We could not detect biochemical interactions between Vts1p and Vti1p. The mechanism of the genetic interaction between VTI1 and VTS1 remains to be elucidated.
Ykt6p functions in multiple transport steps
After identifying YKT6 as a multicopy suppressor of the growth defect in vti1-2 cells we investigated whether YKT6 overexpression affected different trafficking steps. API transport was followed in vti1-2 cells and vti1-2 cells in which YKT6 was overexpressed from either a centromeric or a 2µ plasmid ( can be replaced by a glutamine we expressed ykt6-Q either from a centromeric or from a 2µ plasmid in wild type cells. CPY sorting was followed by pulse chase immunoprecipitation (Fig. 5 bottom) . Expression of ykt6-Q at levels comparable to that of wild type YKT6 resulted in a small elevation of CPY secretion. A larger proportion of CPY was secreted upon overexpression of ykt6-Q. The ykt6-Q protein had to be stable and correctly folded to cause these dominant negative effects on CPY transport to the vacuole. We conclude that ykt6-Q protein was incorporated into a SNARE complex which had reduced function or was nonfunctional.
Next we wanted to investigate whether ykt6-Q had residual activity. We 
Ykt6p participates in three SNARE complexes
It has been reported that Ykt6p is involved in retrograde traffic to the cis- 
Implication for role of the 0 layer in the SNARE complex
We generated mutations in the 0 layer of VTI1 and YKT6 to study its role in vesicular traffic. Yeast cells expressing only vti1-Q158R were viable but displayed severe defects in transport to the vacuole even at 24°C. These data indicate that SNARE complexes with two R-SNAREs are defective in vacuolar transport. 0 layer mutations were recently studied in the exocytic SNARE complex in yeast (54, 55) . Sec9p contributes two Q-helices, Sso1p or Sso2p one Q-helix and Snc1p or Snc2p one R-helix to this SNARE complex. Introduction of a second arginine into the 0 layer resulted in severe defects for sso2-Q228R, sso1-Q224R and sec9-Q622R and lethality for sec9-Q468R similar to the defects we observed in vti1-Q158R cells. Secretion was normal in exocytic SNARE complexes with four glutamines in the 0 layer generated by mutating the arginine residue in the 0 layer of SNC1 or SNC2 to glutamine (54, 55) . By contrast, we found that cells expressing only ykt6-R165Q were not viable. 
